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ABSTRACT 
The roof of  a bu i ld ing  i s  exposed t o  the most 
severe environment t h a t  is experienced by any 
component of a bui lding envelope. Diurnal peak 
surface temperatures of 140 t o  185 OF a r e  not  
uncommon. The addi t ion of thermal mass t o  the 
e x t e r i o r  sur face  of the roof should lessen  the 
s e v e r i t y  of  the  environment t h a t  is experienced by 
the roof membrane and the roof insu ln t ion .  The 
ex te r io r  mass should r e s u l t  Ln a t tenua t ion  both of 
temperature extremes and of hea t  f lux  v a r i a t i o n s .  
It  a l s o  may r e s u l t  i n  lowered n e t  h e a t  flow through 
the roof. This paper presents  some r e s u l t s  of a 
combined experimental and a n a l y t i c a l  study t o  
quant ify the  e f f e c t s  of sur face  mass. Measurements 
were made on roof t e s t  panels t h a t  were exposed t o  
the weather of eas te rn  Tennessee. The t e s t  panels 
cons is ted of g l a s s  f i b e r  insu la t ion  with a mod1 f i e d  
bitumen membrane. Experiments were conducted on a 
bare panel and on a panels t h a t  were loaded with 
e i t h e r  concrete pavers o r  aggregates. A heat  
t r a n s f e r  model f o r  t h e  bare panel and the panel with 
concrete pavers was developed t o  c a l c u l a t e  the 
i n t e r n a l  temperatures and heat  f luxes  using measured 
indoor and ambient condit ions.  The model was 
va l ida ted  by comparing its pred ic t ions  with measured 
values.  Following v a l i d a t i o n ,  the model was used t o  
perform a parametric study of the e f f e c t s  of var ious 
l e v e l s  of sur face  mass. 
JNTRODUCTION 
A considerable amount of a t t e n t i o n  has been 
d i rec ted  a t  the  thermal performance of massive walls  
of bu i ld ing  envelopes. From t h i s  work, it has been 
concluded t h a t  the add i t ion  of mass on the e x t e r i o r  
of insu la ted  walls  produces only very small 
reductions i n  hea t  loads.lm2 Much l e s s  a t t e n t i o n  
has been d i r e c t e d  a t  the thermal performance of mass 
added t o  the e x t e r i o r  of f l a t  roofs .  
I n t e r e s t  i n  the e f f e c t  of sur face  mass on f l a t  
roofs  stems from the f a c t  t h a t  the roof is exposed 
t o  t h e  most severe environment t h a t  is  experienced 
by any component of  a bui lding envelope. Maximum 
diurna l  peak temperatures of 140 t o  185OF a r e  
commonly encountered. Such severe temperatures 
impose l i m i t a t i o n s  on the types of mate r ia l s  t h a t  
may be used f o r  roof membranes and insu la t ions .  It  
has been suggested t h a t  add i t ion  of thermal mass t o  
the e x t e r i o r  surface of a roof would decrease the 
peak temperatures t h a t  a r e  experienced by the 
membrane and i n s u l a t i o n ,  thus possibly extending 
t h e i r  usefu l  l i v e s  o r  allowing use of  o ther  types of 
mate r ia l s .  Addition of e x t e r i o r  mass should a l s o  
decrease the magnitude of roof h e a t  flow 
f luc tua t ions ,  and under some condit ions may a l s o  
r e s u l t  i n  a reduct ion i n  the n e t  hea t  flow through 
the roof .  
This paper presents  some r e s u l t s  of  a combined 
experimental and a n a l y t i c a l  study t o  quant ify t h e  
e f f e c t s  of sur face  mass. The f i r s t  s e c t i o n  gives a 
d e s c r i p t i o n  of the  experiments t h a t  were conducted 
with d i f f e r e n t  types of  sur face  mass. The next  
s e c t i o n  describes a mathematical model t h a t  was 
developed t o  p r e d i c t  t h e  thermal performance of  roof 
systems with well-defined l a y e r s  of  mate r ia l s .  
Following t h i s  a r e  comparisons of model p red ic t ions  
with experimental da ta  f o r  a bare  roof and a roof 
with a concrete  paver. Next, r e s u l t s  o f  parametric 
nnnlyses with the model a re  presented t o  i l l u s t r a t e  
the  e f f e c t  of var ious l e v e l s  of sur face  mass. 
F i n a l l y ,  plans f o r  continued analyses and f o r  
development of a s e t  o f  guidel ines f o r  the use of 
sur face  mass a r e  presented.  
The experiment on sur face  mass was c a r r i e d  out  
a t  the U.S. Department of  Energy Roof Research 
Center using the Roof Thermal Research Apparatus 
(RTRA) a t  the  Oak Ridge National Laboratory (ORNL) . 4  
The RTRA, shown i n  Figure 1 ,  is housed i n  a concrete  
block bu i ld ing  approximately 8 f e e t  wide by 26 f e e t  
long by 9 f e e t  high. The RTRA has an insu la ted  
concrete  s lab-on-grade f l o o r .  The roof c o n s i s t s  of 
a c e n t r a l  f i x e d  b u i l t - u p  roof (BUR) with four  4 f o o t  
by 8 f o o t  t e s t  s i t e s ,  two on each s i d e .  The 
i n t e r i o r  temperature of  the RTRA is cont ro l led  o t  
about 75OF. 
The panel f o r  the  sur face  mass experiment was 
posi t ioned a t  the l e f t  end of the RTRA ( a s  p ic tu red  
in Figure 1 ) .  A cross  s e c t i o n  of the panel is shown 
i n  Figure 2 .  I t  cons i s ted  o f  four  15/16 inch s h e e t s  
of  f i b e r g l a s s  i n s u l a t i o n  over an 18 gauge metal roof 
deck. The top sur face  was sea led  with a modified 
bitumen membrane. The c ross  s e c t i o n  shown i n  Figure 
2 a l s o  shows a l a y e r  of  concrete  pavers above the 
i n s u l a t i o n  and membrane. The panel was divided i n t o  
two 4 f o o t  by 4 f o o t  s e c t i o n s .  Near the  cen te r  of  
each s e c t i o n ,  thermocouples were loca ted  a t  the 
e x t e r i o r  boundaries and between each l a y e r  of  the 
panel.  Ca l ib ra ted  h e a t  f l u  t ransducers  were 
loca ted  between t h e  two inner  l a y e r s  of  i n s u l a t i o n ,  
Experiments were performed with var ious  types 
of  sur face  mass. During some time per iods ,  one 
s e c t i o n  was l e f t  ba re ,  while the o ther  s e c t i o n  was 
loaded with mass. During o ther  time per iods ,  both 
s e c t i o n s  were loaded with d i f f e r e n t  masses. The 
types of  masses s tud ied  included concrete  pavers 
(with and without a modified bitumen cover ) ,  
concrete  pavers with grooves, white and brown r i v e r  
rock,  and white and gray crushed aggregate. 
Although a l l  of these masses were s tud ied  
experimental ly ,  t h i s  paper w i l l  focus on only one 
type,  the concrete  pavers .  Resu l t s  f o r  the o ther  
types o f  mass w i l l  be discussed i n  forthcoming 
papers. For the  time periods reported upon i n  t h i s  
paper, one s e c t i o n  of the  panel was l e f t  b a r e ,  and 
the  o ther  s e c t i o n  was covered with concrete pavers 
with a modified bitumen cover .  The bitumen cover 
was added i n  o rder  t o  match the  r a d i a t i v e  proper t i es  
of  the two panel s e c t i o n s .  
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Figure 1. Roof Thermal Research Apparatus (RTRA) 
In addition to the temperatures and heat fluxes 
measured on the panel, weather data were collected 
at the site. This consisted of outdoor temperature, 
relative humidity, wind speed, barometric pressure, 
incident solar radiation (pyranometer measurements 
over the 0.28 to 2.8 micron wavelength range), and 
incident infrared radiation (pyrgeometer 
measurements over the 4 to 50 micron wavelength 
range). These data were monitored continuously and 
hourly averages were recorded. 
EXPERIMENTAL RESULTS 
Two weeks of data have been selected for 
discussion in this paper. They correspond to a cool 
week (January 29 - February 4, 1986) and a warm week 
(Msy 1 - Hay 7, 1986). Measured ambient air 
temperatures for these two periods are shown in 
Figure 3a. During the week in January, the ambient 
temperature varied between 19 and 69OF, and 
exhibited a warming trend. During May, relatively 
warm days and cool nights prevailed with ambient 
temperatures varying between 35 and 88'~. Measured 
incident solar radiation values are shown in Figure 
3b. The January time period exhibited both cloudy 
and sunny conditions while the week in May had 
predominantly clear skies. Measured incident 
infrared radiation data are shown in Figure 3c. The 
large magnitude of the infrared radiation should be 
noted. On cloudy days it can exceed the peak solar 
radiation. The pyrgeometer measures the incident 
infrared radiation, not the net amount which 
includes the outgoing radiation emitted and 
reflected by the surface. 
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The two quantities examined in this paper are 
the temperature between the membrane and the 
insulation, and the heat flux through the roof. 
This temperature is important because it influences 
the useful lives of the membrane and the insulation 
and the choice of materials for these two 
components. The heat flux through the roof 
determinee the magnitude of any energy savings. 
Measured value8 for the membrane temperature for the 
week in May are shown in Figure 4.3. This figure 
shows temperatures for both the bare roof and the 
roof loaded with the concrete pavers. The paver 
results in a decreased amplitude for the temperature 
fluctuations experienced by the membrane. The peak 
daytime temperatures with the paver are as much as 
30°F lower than with the bare roof. The pavers also 
reduce the nighttime temperature extremes. In some 
cases, such reductions in temperature extremes 
might be critical to extending the life of the 
membrane, or in allowing an alternate selection of 
membrane and/or insulation materials. 
Roof heat fluxes measured for the week in May 
are compared in Figure 4b. Here, heat flow out of 
the building is positive while heat fluxes into the 
building are aseigned negative values. The added 
mass reduces the peak heat flows in both the 
positive and negative directions. The presence of 
the pavers can also be seen to delay the occurrence 
of the peak heat flows by one to two hours. By 
s w i n g  the hourly heat flows, it is found that thc 
positive heat flows are 178 and 90 BTU for the bare 
and paver roofs, respectively. Likewise, the 
negative heat flows are 225 and 154 BTU for the 
bare and paver roofs. Defining a net heat flow as 
the positive values minus the negative values, the 
nets for the bare and paver roofs are -47 and -64 
BTU. With these definitions, the effect of the mass 
is to reduce both the positive and negative heat 
flows, but to increosc thc noL IwnL Clow. Wl~cl;l~cr 
the effect of mass on energy consumptions during 
this period is beneficial or not will depend upon 
the thermal behavior and operation of the rest of 
the building. 
For the week in January, the positive heat 
flows for the bare and paver roofs were 275 and 238 
BTU, while the negative heat flows were 38 and 7 
BTU. For this period, the net heat flows would be 
237 and 231 BTU, indicating little benefit from the 
mass. 
An analytical model for the thermal performance 
of roofs wae developed to provide a means for 
generalizing the results of the experiments. The 
model is called STAR (for Simplified Trnnsicnt 
Analysis of Roofs). It is a one-dimensional finite- 
difference transient heat conduction model that has 
been implemented on an IBM AT personal computer. In 
its present form, it is run interactively with 
information on roof geometry and material properties 
being input from the keyboard. The program handles 
multi-layer constructions, with node spacings being 
specified by the user. Temperature dependent 
thermal conductivities and specific heats are 
allowed. The user is given a choice of techniques 
for the transient solution: explicit, fully 
implicit, or Crank-Nicolson. The user may also 
select the size of the time step (as an integer 
number of time steps per hour). Although the 
program is strictly a heat conduction analysis at 
present, it will ultimately incorporate transport 
and storage of moisture. It will aleo be coupled 
with programs for determining the induced mechanical 
strains and stresses in the roof. 
Two typee of boundary condition8 are allowed. 
One type is the epecification of the boundary 
temperature. Thie is useful when experimental data 
are available. The recond type utilizer the weather 
and interior room conditions to drive the thermal 
model. The exterior boundary condition consists of 
the following heat balance: 
The terms in this equation represont nbsorhod solor 
radiation, absorbed incident infrared radiation, 
convection from the air to the surface, radiation 
emitted by the surface, heat delivered to the 
surface by condensation of moisture (or removed by 
evaporation), and the heat conducted up to the 
exterior surface of the roof. The quantities a and 
c are the solar absorptance and the infrared 
emittance of the surface. The surface is aesumed to 
be gray, so that the infrared absorptance and 
emittance are equal. The convection coefficient, 
hc, is calculated from existing correlations and 
accounts for the orientation of the surface (tilt 
angle), direction of heat flow (up vs. down), the 
surface-to-air temperature difference, and the wind 
speed. For a horizontal surface, the correlations 
for natural convection are 
Nu - 0.54 ~ a ~ / ~  for Ro < 8 X lo6 
Nu - 0.15 ~ a ~ / ~  for Ra > 8 X lo6 
for heat flow up, and 
for heat flow don. For forced convection, they are 
Nu - 0.664 pr1l3 ~ e ~ / ~  for Re < 5 X 10' 
Nu - pr1l3 (0.037~e~.~-850) for Re > 5 X lo5 
where Nu, Ra, Re, and Pr are the Nusselt, Rayleigh, 
Reynolds, and Prandtl numbers. A mixed convection 
coefficient is obtained by taking the third root of 
the sums of the cubes of the natural and forced 
coefficients. An analogy between heat and mass 
transfer is used to estimate mass transfer 
coefficients for the latent heat term, with the mass 
transfer coefficient being approximntely oquol to 
the convection heat transfer coefficient divided by 
the specific heat of air. The amount of moisture 
that is condensed or evaporatcd from the surface is 
calculated with thie mass transfer coefficient, the 
relative humidity and temperature of the air, and 
the temperature of the surface. A constant latent 
heat of 1060 BTU/lb is used in the program. 
MODEL VWICATION 
The validity of the model has been asseesed by 
comparing its predictions with the measured membrane 
temperatures and roof heat fluxes. Although 
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MEASURED MEMBRANE TEMPERATURE 
MAY 1 -- MAY 7. 1986 
170 -( -. 
TIME. HR. 
0 BARE + PAVER 
MEASURED ROOF HEAT FLUXES 
MAY 1 - MAY 7. 1986 
TIME. HR. 
0 BARE + PAVER 
Figure 4. Measured Membrane Temperatures and Heat Fluxes During Warm Test Period 
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comparisons were made for the week in January as 
well as for the week in Hay, for brevity only 
detailed results for May will be presented here. 
Values used for the geometry and material properties 
are given in Table 1. All calculations were 
performed using the fully implicit technique, using 
a time step of 0.1 hours. A few runs were made with 
time steps of 1 hour and 0.01 hours, with more and 
fewer nodes to verify that the node spacings and 
time step used were satisfactory. 
In the first step of this assessment, the model 
was run using measured temperatures for boundary 
conditions at the exterior and interior surfaces of 
the bare and paver roof panels. Measured and 
predicted membrane temperatures and heat flows for 
the bare roof are compared in Figure 5a and 5b, and 
similar comparisons for the paver roof are shown in 
Figure 6a and 6b. The predicted membrane 
temperatures for the bare roof are essentially 
identical to the measured values since the model 
used the temperatures measured on the other side of 
the membrane as input. From a visual inspection of 
the plots, other predicted temperatures and heat 
fluxes are judged to be in very good agreement with 
the measured values. Similar agreement was found 
for the January time period. 
As the next step, the weathcr boundary 
conditions on the exterior side were used instead of 
the measured boundary temperature. Measured and 
predicted membrane temperature and heat fluxes are 
compared for the bare roof In Figures 7a and 7b. 
Similar comparisons for the paver roof are shown in 
Figures 8a and 8b. These comparisons, although less 
favorable than the ones with measured boundary 
temperatures, are still judged to be reasonable 
considering the uncertainties that exist in factors 
such as the correlations for convection of heat and 
mass. However, it appears that there is a need for 
further research to develop better information on 
convection and mass transfer coefficients and the 
interchanges of infrared radiation. 
PARAMETRIC ANALYSES 
Following verification of the model, it was 
used to perform a set of parametric analyses to 
estimate the effect of level of mass on the thermal 
performance. The hypothetical roofs analyzed were 
the same as the experimental roof, except that tho 
concrete paver was replaced with layers having 
thicknesses such that the paver mass was 5, 10, 15, 
or 20 pounds per square foot. The exterior boundary 
condition consisted of the measured weather data for 
the January and May time periods. The interior 
boundary condition was taken to be a 7S°F air 
temperature. 
The maximum membrane temperature during each of 
the two periods was identified, and the values are 
listed in Tables 2 and 3. The largest decreare in 
membrane temperature occurs with the first addition 
of mass to the bare roof. With each additional 
increase of mass, the membrane temperature continues 
to decrease significantly but at a rate that is 
lower than the initial decrease. The reductions in 
membrane temperature due to the addition of surface 
mass are roughly the same for both time periods. 
However, even during the cool period, the peak 
membrane temperatures may be 90'~ or higher. 
Tables 2 and 3 also show the results of the 
parametric analyses for the effect of mass on the 
heat flows. The values given here are those at the 
interior surface of the roof, and are given in terms 
of positive, negative, and net heat flows for the 
weekly periods. From these values, it appears that 
tho flrnt Lncroa~o~~tul Lr~creuue LII lnunu yroducau a 
smaller impact on the heat flows than the last 
incremental increase. For the warm period, 
increasing mass leads to lower values for both tho 
positive and negative heat flows, but increases the 
net heat flow for the period. As was noted above, 
the energy savings benefit from mass for this period 
would depend upon the characteristics of the reet of 
the building. For the cool weather period, the heat 
flows are predominantly positive, and the addition 
of mass produces a change in net heat flow of only a 
few percent. 
CONCLUSIONS 
A combined experimental and analytical approach 
has been used to perform an initial assessment of 
the effect of aurface mass on the thermal 
performance of roofs. The experimental data clearly 
show that the peak membrane temperature may be 
decreased significantly by adding aurface mass. The 
benefits of surface mass in conserving energy are 
Table 1. Material Properties and Geometric Values Used in Models 
Thermal Specific 
Thickness Number Conductivit Heat, 
Material in. of Nodes BTU-in/(hr-ft3:'P) BTU/(lb-OF) Dens lb/ft 
- -  - -- - p-p - -- - 
Modified 
Bltumen* 0.160 1 0.96 0.3 30.0 
Concrete 1.875 4 20.3 0.21 140.0 
Modified 
Bitumen* 0.2225 1 0.96 0.3 30.0 
Fiberglass 
Insulation 3.75 8 0.252 0.3 12.7 
* Solar Absorptance - 0.84 
Infrared Emittance - 0.9 
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Table 2: Parametric Anal s e s  f o r  One Week of Warm 
Weather (May) *Y 
nass Tmax Q+ 9 -  Qnet 
PS f OF BTU BTU BTU 
Table 3: Parametric Ana1y;es f o r  One Week of Cool 
Weather (Jan.)  
nars  Tmax Q+ Q - Qnet 
psf OF BTU BTU BTU 
Parametric analyses w i n g  t h e  model suggest  
t h a t  t h e  b igges t  impact on peak membrane temperature 
occurr with the  f i r r t  incremantal add i t ion  of mar8 
t o  the roof ,  with lower (but  r i g n i f i c a n t )  impactr 
f o r  a d d i t i o n a l  mans. On t h e  o ther  hand, the  f i r s t  
incremental add i t ion  o f  m a s  appaars t o  have a lowar 
impact on h e a t  flows than intermediate  addi t ions.  
During cool weather, where the  h e a t  flow l a  
predominantly i n  one d i r e c t i o n ,  t h e  a d d i t i o n  of  mass 
has only a amall impact on n e t  h e a t  flows. During 
warm weather, where h e a t  flows may be i n  both 
d i r e c t i o n s ,  the a d d i t i o n  of mass may lead  t o  
increased n e t  h e a t  flows. However, the  use of  a n e t  
h e a t  flow may no t  be appropriate  f o r  aosessing t h e  
impact on bu i ld ing  energy consumptions under these 
c o n d i t i o m ,  s ince  a h e a t  l o s s  a t  one po in t  i n  time 
does no t  necessar i ly  o f f s e t  a hea t  gain a t  another  
time. 
While these  parametr ic  analyses have shown the 
e f f e c t  of mass during two s p e c i f i c  time periods,  tha 
n e t  b e n e f i t s  o f  mass f o r  energy conservat ion need t o  
be determined from analyses t h a t  include the  e n t i r e  
hea t ing  and cool ing seasons and account f o r  t h e  
c h a r a c t e r i s t i c s  of the  r e s t  of the  bui lding.  This 
work is planned f o r  t h e  near  f u t u r e  a t  OWL. 
** Q I  - Meat flow out  of the bui lding 
Q -  - Heat flow i n t o  the bui lding 1. of the  
u  1982, G. Courvi l le  and E. Bales, Eds., 
CONF-8206130, Oak Ridge National Laboratory, 1983. 
1e.s c l a a r .  The addi t ion  of mass c e r t a i n l y  
decreases the peak hea t  flows i n  both the p o s i t i v e  
and ncgativc d i r e c t i o n s ,  but tho i~npnct on thc net  
bui lding energy consumption would depend upon the  
c h a r a c t e r i s t i c s  of the r e s t  of the  bui lding.  
An a n a l y t i c a l  model f o r  the thermal performance 
of roofs  has been developed and v e r i f i e d  aga ins t  the 
experimental da ta .  From v i s u a l  inspect ions of the  
p l o t s ,  the model i s  judged t o  work very well when 
the  boundary temperatures a r e  known. I t  a l s o  is 
judged t o  work reasonably well when the ambient 
weather da ta  a r e  used as  a boundary condit ion.  
However, add i t iona l  research i e  needed t o  b e t t e r  
def ine the coupling of  the surface t o  the 
environmental condit ions.  
2. K. Chi lde,  -8 Ass-, 
OWCON-97, Oak Ridge National Laboratory, 1983. 
3 .  E.  I. Griggs and P. H .  Shipp, "The Impact 
of Surface Reflectance on the  Thermal Performance of 
Roofs: An Experimental Study", F i e l d  Ueas. of 
Thermal Perf.  of  Low-Slope Roof Sya.,  ASHRAE, 
Ottawa, 1988. 
4 .  The Roof Reee-m: A NatipnallLggE 
f o r  t,, 
Roofinn, Energy 
Divis ion,  Oak Ridge National Laboratory, 1987, 
5. J .  P. Holman, Heaf, 5th Ed., 
HcGraw-Hill, N.Y., pp. 191, 202, 272-286, 1981. 
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